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ABSTRACT

Four propagation mechanisms are known which can cause detectable sig-
nal levels beyond the horizon. To investigate the potential of these mecha-
nisms for causing interference, typical and extreme values were computed
for models of the different propagation mechanisms, terrain diffraction, tur-
bulent scattering, precipitation scattering, and ducting. The propagation
path used for the model computations was 175 km long passing over irregular
low lying terrain. The terminals of the path were taken to model a possible
satellite earth station, radio relay station configuration. The radio relay
station was assumed to have an antenna with a 2.5° half-power beamwidth
pointing at an elevation angle of 0.5° to the horizon. The earth station antenna
was assumed to have a 05° half-power beamwidth. A wavelength of 5 cm was
used for the computations. Using the CCIR recommendations as a standard
for interference levels, a propagation loss of less than 91 db relative to free
space will cause interference for this path.

The highest signal strengths for this path were caused by turbulent scat-
tering, precipitation scattering, and ducting. For both antennas elevated 0.5°
to the horizon and pointed along the great circle route values of loss relative

to free space of 50 db were computed for an extremely strong turbulent layer,

70 db for a typical turbulent layer and 58 db for a typical thundershower. For

1ii




each of these computations the layer or storm was placed in the center of the
common volume. For the antennas elevated to the same angle but each pointed
approximately 7° off axis the extreme layer and the storm would cause inter-
ference, the computed loss for each being 80 and 58 db, respectively. For
both antennas pointed along the great circle path and the earth station antenna
at 5.0 elevation angle, precipitation scattering would cause interference with
a loss of 69 db. For ducting and both antennas pointed along the great circle
path and at elevations below 0.5, fields in excess of free space are possible.
The model computations show that for a spacing of 175 km, with low

lying intervening terrain, and with the earth station antenna elevated above

5° precipitation scattering and ducting will be the only sources of interference.
The problem of ducting can be reduced by siting so that shielding hills surround

the earth station keeping the minimum elevation angle above 0. 5.

Accepted for the Air Force
Franklin C. Hudson
Chief, Lincoln Laboratory Office
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Predictions of Transhorizon Field Strengths
Using Modeling Techniques

This study resulted from a request by the Assistant Director, Communi-
cations and Electronics, Office of the Director of Defense Research and
Engineering of the Department of Defense to explain some of the results of the
POPSI measurement program (Carey et al, 1968). The results of the study
were presented to the Office of Telecommunications Management in 1967 and
presented at the Fall 1967 NEREM Meeting. This report has been prepared
to meet the continuing demand for information on the subject.

A. The Use of Models

The estimation of interference level signal strengths at one location on
the ground due to a source at another location requires a knowledge of the
transmission loss between the two locations. The transmission loss depends
upon the terrain, the antennas used at each location, and the structure of the
atmosphere between the two locations. For the same terrain and antenna
configuration the transmission loss may vary widely from day to day. The
statistics of the loss depend upon the statistics of the atmospheric structure.
The connection between a description of atmospheric structure and transmis-
sion loss is difficult to make and at any particular time the structure is not
known well enough for detailed computations of the transmission loss. Model
computations can, however, be made that relate gross features of the atmo-

spheric structure to ranges of possible values of the transmission loss.




The current requirement for transmission loss prediction is to estimate
the signal strength that would occur on the average for four minutes of the
worst month or 0. 01 percent of the time. An empirical determination of the
expected transmission loss that is exceeded only four minutes per month
would take many years. This problem is, however, easily handled by the
modeling method because all that is required is the estimation of the lowest
possible transmission loss consistent with possible atmospheric structures.

The application of modeling techniques presupposes a knowledge of the
mechanisms that cause transhorizon fields. Using our current knowledge of
atmospheric structure, four mechanisms can be identified, terrain diffraction,
turbulent scattering, precipitation scattering, and ducting. On a particular
transmission path one or all of the above mechanisms may be important.

B. Terrain Diffraction

For paths where edges of terrain features such as mountains or hills are
simultaneously visible (line-of-sight at the frequency of interest) from both
locations, terrain diffraction is a possible source of interfering level signals.
Methods useful for estimating the signal levels at the frequencies of interest
are available in the literature (Rice, et al, 1965; Deygout, 1966) and have
been checked experimentally (Carlson and Waterman, 1966). For long-
distance paths over low lying irregular terrain multiple terrain diffraction
will occur and the resultant signal strength is negligible compared with that

caused by other mechanisms.




C. Turbulent Scattering
The term-turbulent scattering, or better perhaps scattering due to re-
fractive index fluctuations, is applied to all random atmospheric structures
which cause scattering (Tatarski, 1961). This technique applies equally well
" to scattering due to '"volume turbulence' and to '"feuillets' as described by
DuCastel (1966). Using this technique, the bistatic scattering cross section
per unit volume is related to the spatial three-dimensional power spectrum

of the departure of the index refraction from a mean value.

4

B (#) = gk <I~>n(5— ki)

Bi($) = By($) cos’s

where

B (¥#) = bistatic scattering cross section per unit volume for
polarization perpendicular to the plane of scattering.

By(#) = bistatic scattering cross section per unit volume for
polarization parallel to the plane of scattering.
4 = scattering angle.
' k = 2w/\ = wave number.
[}
k = vector pointing in the direction of propagation with a
magnitude equal to k.
¥ A
m = unit vector pointing from scatterer to receiver.
q)n(f-) = spatial power spectrum of refractive index in homogenetic.




For a turbulent medium and wave numbers in the inertial subrange, the
spatial power spectrum is given by the ""minus 11/3-power law' and the bi-

static scattering cross section is given by

-11/3
B (9) = 81r2k4[0. 033 cf (2Kksin 3) ]

1.757C2 -11/3
- 1o (s'inﬁ)
)\1/3 2

N = wavelength in cm

Q]
I

value related to the strength of refractive index

fluctuations in the atmosphere with units of
-2/3

m .

1cm<——)\——<103 cm

4 Sin(z)

The atmosphere is typically turbulent and for modeling purposes and for fre-
quencies in the range of interest (1 to 40 GHz) the scattering cross section for
the inertial subrange is used.

To model atmosphere effects, the value of an must be known. A profile
of an showing an extreme layer is given in Fig. 1. This profile was generated

from a RAWIN sounding using the techniques of Vasil'chenko (1966) to estimate

) 2
the turbulence coefficient and the methods of Tatarski to relate this to Cn'




Verification of the general shape of the profile has been provided by Hardy,
et al (1966), Lane (1967), and Crane (1968).

The estimation of signal strength requires the estimation of the volume of
space having the bistatic scattering cross section defined above. From the
profile, the occurrence of thin layers is noted. For a model, an extreme
layer can be taken as having a thickness of 100 meters and a strength of

2 -13  -2/3.
m 5

C =10

o The volume contributing to the scattered signal is given

by the common occurrence in space of the two antenna beams and the layer.

The transmission loss relative to free-space loss is given by

d“ B ($)V

V = volume of scatterers defined by the layer and the antenna

patterns.
r1 = distance from source to scatterer.
r2= distance from receiver to scatterer.
d = distance from source to receiver.

For the case where both antennas are pointed at the same spot on the layer

1:)r_: GanAZVB.L (2)
Pt (4 )2 2 2
T T, T,




-11/3
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- > (anc? (3)
dSZ >\1/3 % n
where
AS = area of the smaller aperture in m.
”:z’"s = efficiency of the larger (£) and smaller (s) apertures
dS = distance to the spot on the layer from the smaller
aperture
Ah = thickness of layer in m.
01 = gain of transmitter
N, = efficiency of receiver
A2 = area of receiver aperture
Pt = transmitter power
Pr = received power
Lpl = angle between ray from large aperture to spot on layer
and the intersection of the layer and the scattering plane
(plane including spot, transmitter, and receiver)
q;s = angle defined as for Lpf except using the ray from the

smaller aperture
D. Precipitation Scattering
The term precipitation scattering refers to scattering by particulate mat-
ter in the atmosphere. For the frequency range of interest the precipitation
particles, rain, snow, hail and sleet cause the scattered fields. For rain,

the bistatic scattering cross section per unit volume can be related to the




backscatter cross section per unit volume for the frequencies of interest

(Crane, 1966).

zeff-n5|\£<|2
B_j_(&) - Bback - 4 (4)

A

By(8) = cos®s B ()

where Ze is the frequency normalized backscatter cross section used to

ff
describe rain by radar meteorologists.

|K|2 = 1 a parameter depending upon the dielectric constant of water.
For precipitation particles other than rain, a more complicated angular de-
pendence is found (Dennis, 1961). The extreme valt;es of the scattered field
orginate in the cores of thunderstorms. There the particulate content is rain
and hail. The properties of hail may be estimated to first order in the same
manner as for rain.

The basic data required to make estimates of the precipitation scattered
field strength is that provided by the weather radars. Extreme values of
Z = 106 mm6/m3 have been measured that apply to cores roughly 5 km in
diameter and extending from the surface to a 15 km height. An example of a
rain-cell core of this size is given on the maps in Fig. 2 as an area labeled

as 4. For this extreme model, the scattering volume is limited by the com-

mon occurrence of the rain and the antenna beams. For many problems,




the occurrence of rain, one main beam, and the side lobes from the other
antenna must be considered (Altman, 1967). The transmission loss is given
by Eqs. (1) and (4) where the volume is defined by the antenna patterns and
the precipitation particles.

E. Ducting

Ducting describes the mechanism for directing energy from one location
to another by bending the direction of propagation such that the energy propa-
gates along thin layers in the atmosphere or in a surface layer touching the
ground. The prediction of signal strength due to ducting for given atmospher-
ic structures is very difficult unless the structure conforms to the simple
models for which mathematical computations are valid. As an extreme model
zero db loss relative to free space may be assumed for locations near or over
water as has been reported from measurements (Kerr, 1951). The application
to overland locations is far more difficult.

F. The Application of Modeling Techniques to a Sample Path

Data from the POPSI experiment conducted by the FCC* for the Highlands
to Wildwood, New Jersey path for the week of 2-9 August 1966 was provided
for comparison with model predictions. The geometry for the great circle
path is given in Fig. 3. The data received for three different transmitter

pointing angles are given in Figs. 4 to 6. The CCIR interference level was

¥ Courtesy of R. B. Carey, Research Division, FCC,
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free space of 91 db. This differs from the criterion used by the FCC in ana-

chosen to provide a minimum path loss (=) of 244 db or a loss relative to
lyzing the POPSI data. For this path the terrain was low lying, the distance
long and terrain diffraction effects can be ignored. The other mechanisms
have unique fading patterns as shown in Figs. 7 to 9 and the occurrence of
each mechanism could be tabulated using the measured data. For the samples
used to generate the cumulative distributions, the percent time of occurrence
of each mechanism is indicated by bars along the lower edge of the figures.

In a few cases some uncertainty as to mechanisms, ducting or turbulent scat-
ter, was present and classification was made using the depth of the fading,
fades greater than 15 db were attributed to ducting.

The data for the ''calibration path'' was replotted for each mechanism
separately as shown in Figs. 10 to 12. The data for turbulent scattering
follows a log normal distribution which, using a criterion often used by com-
munications engineers, indicates a common mechanism. The data for ducting
with the on-path receiver similarly shows the same log normal behavior. The
off-path data does not. For several sample times the off-path receiver had
signal strengths equal to, or greater than, the on-path receiver. It is felt
that this is due to terrain scattering within the duct but further analysis must
be made of this point. The data for rain cannot be classified by the shape of
the cumulative distribution but this is expected since the sample size is ex-

tremely small,




For the path, the geometry for turbulent scattering layers is shown in
Fig. 13. The following extreme signal predictions are made using the model
above where L is loss relative to free space.

L

50 db for the optimally positioned layer, both antennas at

: 0.5° elevation and pointed along the great circle path.
L2 = 80 db for both antennas at 2°, the receiver 6° off axis and
the transmitter 9° off axis.
L3 = 96 for both antennas pointed along the great circle path,

the receiver at 5° and the transmitter at 0.5 elevation
angle.

The extreme value for L1 estimated from the data gives 48 db for 0. 01 per-

cent of the time by extrapolating along the straight line. The data for L2 and

L3 are inconclusive due to the limited amount of data, the limited dynamic
range of the system, and the curves not being separated by mechanisms.
The model computations for precipitation used the geometry of Fig. 14

and the backscatter cross section and rain volume specified above and the

transmitter and receiver pointing angles specified above are:

L1 = 58 db
L2= 58 db
L3= 69 db

These results are difficult to compare with the measurements because of the
lack of rain.
The estimated extreme values for ducting are taken from the sum of the

difference between the antenna main lobe gain and the side-lobe gain at the
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angle for optimum coupling into the duct for each antenna. These numbers

are:
L1 = 3db
L_= 50
> 50 db
L3 = 27 db

These estimates compare favorably with the estimates taken from the mea-
sured data by extrapolating along the ''best fit' line.

The results of the estimates of extreme values agree reasonably well
with the extrapolated results of the measured data providing enough data
points are taken. The results on rain are inconclusive and a more detailed
computation using an entire rain storm for a model not just a rain cell is re-
quired. The turbulent scatter data is inconclusive for other than the calibra-
tion path.* To get a better estimation, the results must be obtained using the
full antenna patterns and the extreme layer model. This is evident from the
data because for the elevated transmitter case, 8 of the 24 measurements

made during conditions of turbulent scatter produced measurable results.

A better check on this model is provided by Crane (1968).
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A wavelength of Scm was used for the computations. Using the CCIR recommendations as a standard for interference levels, a prop-
agation loss of less than 91db relative to free space will cause interference for this path.

The highest signal strengths for this path were caused by turbulent scattering, precipitation scattering, and ducung For both an-
tennas elevated 0. 5° to the horizon and pointed along the great circle route values of loss relative to free space of 50db were computed
for an extremely strong turbulent layer, 70db for a typical turbulent layer and S8db for a typical thundershower. For each of these
computations the layer or storm was placed in the center of the common volume. For the antennas elevated to the same angle but each
pointed approximately 7° off axis the extreme layer and the storm would cause interference, the computed loss for each being 80 and
58db, respectively. For both antennas pointed along the great circle path and the earth station antenna at 5.0 elevation angle, pre-
cipitation scattering would cause interference with a loss of 69db. For ducting and both antennas pointed along the great circle path
and at elevations below 0.5, fields in excess of free space are possible.

The model computations show that for a spacing of 175 km, with low lying intervening terrain, and with the earth station antenna
elevated above 5° precipitation scattering and ducting will be the only sources of interference. The problem of ducting can be reduced
by siting so that shielding hills surround the earth station keeping the minimum elevation angle above 0.5.
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